Recent studies have shown that synaptic plasticity in modifications of glutamatergic synaptic transmission the hippocampus can be target specific; the same patwas examined in cultured hippocampal neurons. Braintern of stimulation that resulted in potentiation when the derived neurotrophic factor (BDNF) induced rapid and postsynaptic neuron was glutamatergic failed to do so persistent potentiation of evoked glutamate release when it was GABAergic (McMahon and Kauer, 1997; Bi when the postsynaptic neuron was glutamatergic, or and Poo, 1998; Maccaferri et al., 1998). Moreover, in excitatory (E→E), but not when it was GABAergic, or neocortical slices, the identity of the postsynaptic target inhibitory (E→I). This target-specific action of BDNF cell can determine whether a synapse undergoes paired was also found at divergent outputs of a single presynpulse facilitation or depression, two forms of short-term aptic neuron innervating both glutamatergic and GApresynaptic plasticity (Reyes et al., 1998). The requireBAergic neurons, suggesting that individual terminals ment of brain-derived neurotrophic factor (BDNF) for can be independently modified. Surprisingly, BDNF incertain forms of hippocampal plasticity may reside eicreased the frequency of miniature postsynaptic curther in its direct involvement in the induction of LTP or rents at both E→E and E→I, although it had no effect in its endowing the synapse with the capability to unon evoked currents at E→I. Finally, potentiation by dergo the induction process. Differences in the secretion neurotrophin-3 (NT-3) was also target specific. The seof BDNF or in its action at the synapse could account lective effect at E→E suggests that retrograde signaling for the target-specific synaptic plasticity. In this study, by the postsynaptic target cell endows a localized prewe have examined whether neurotrophin-induced modisynaptic action of neurotrophins. 
, and 1D) within 10 min of the application tion was absent, no changes in PPR or CV were detected of BDNF. In the example shown in Figure 1A , the ampli-(⌬PPR ϭ 1.07 Ϯ 0.06, CV 2 ratio ϭ 0.98 Ϯ 0.16, n ϭ 13). tude of EPSCs reached Ͼ200% of the initial value beTogether, these results suggest that synaptic transmistween 40 and 50 min after treatment. In most cases, a sion at E→E was enhanced due to a presynaptic change, plateau phase was reached after about 30 min (Figure such as an increase in the probability of glutamate re-1C), and the potentiation was sustained throughout the lease and/or in the number of release sites. experiment. In addition, when BDNF was washed out, the enhancement of EPSCs persisted for as long as the recording continued (Ͼ20 min, n ϭ 4, data not shown).
Potentiation of NMDA Receptor-Mediated Currents Under normal recording conditions, EPSCs are mediAfter 30 min of treatment with BDNF, postsynaptic responses at E→E were on the average 1.51 Ϯ 0.08-fold ated by ␣-amino-3-hydroxy-5-methyl-4-isoxasole-propionic acid (AMPA) receptors. If the potentiation is due of that which occurred during the baseline period (n ϭ 20, p Ͻ 0.001; paired t test). In contrast to its robust to an increase in presynaptic release of glutamate, pure N-methyl-D-aspartate (NMDA) receptor-mediated effect on E→E synapses, BDNF failed to modulate E→I synapses ( Figures 1B-1D) . On the average, the EPSC EPSCs should be enhanced by BDNF to an extent similar to that of AMPA receptor-mediated EPSCs (Weisskopf amplitude of E→I connections was 0.97 Ϯ 0.04-fold of the control value (n ϭ 13, p Ͼ 0.9) after 30 min of treatand Nicoll, 1995; Bellingham and Walmsley, 1999). We have recorded NMDA receptor-mediated EPSCs at E→E ment with BDNF. Thus, the synaptic response to this neurotrophin is determined by the transmitter phenoconnections in a Mg single cell connecting onto different types of postsynaptriplets. Clear, target-specific potentiation was found in four out of five triplets. The mean value of potentiation tic neurons could become differentially sensitive to BDNF. Alternatively, the influence of the target cell may at E→E (1.40 Ϯ 0.11) was significantly higher than that not be locally restricted to the innervating terminals but at E→I synapses (0.99 Ϯ 0.07, p Ͻ 0.03, paired t test). spread to all terminals of the presynaptic neuron, reTherefore, projections from the same neuron onto dissulting in a global sensitivity to BDNF. To directly adtinct postsynaptic target cells are differentially affected dress this question, we recorded EPSCs from triplets by BDNF. These findings suggest that the neurotrophin in which a single excitatory presynaptic cell projected acts at the level of individual axonal branches or terminals divergent outputs onto both a glutamatergic and a GAto exert a local modification of neurotransmitter release. BAergic neuron. We found that bath application of BDNF resulted in enhancement of EPSCs recorded from the BDNF Increases the Frequency but Not glutamatergic but not the GABAergic neuron (Figure 4) .
the Amplitude of mEPSCs in E→E In the example shown in Figures 4A 1 and 4A 2 , we found The analysis of miniature excitatory postsynaptic curthat after BDNF treatment, synaptic transmission onto rents (mEPSCs) provides additional information on the the glutamatergic neuron was potentiated, while transnature of synaptic modifications induced by BDNF. If mission onto the GABAergic cell became slightly depotentiation at E→E were purely presynaptic, the amplipressed. Furthermore, synaptic enhancement at E→E tude of mEPSCs should remain unchanged, but the frewas accompanied by a decrease in PPR of about 19%, quency of spontaneous mEPSCs might increase after consistent with a presynaptic locus of potentiation. Basal mEPSCs recorded from GABAergic neurons in the presence of TTX displayed different initial properties When the target neuron was excitatory (E→E configuration), BDNF induced a clear increase in the frequency than those found in E→E (Table 1) . Compared with that of E→E connections, the mean amplitude of mEPSCs of mEPSCs (Figures 5A 1 , 5A 2 , and 5B). In contrast to previous work that reported a fast and transient potentiwas about 40% larger at E→I connections, and the mean frequency also appeared to be higher. The larger ation (Lessmann et al., 1994; Li et al., 1998b), this effect was apparent only after a 10-15 min delay and persisted mEPSC amplitudes found at E→I might reflect postsynaptic differences in glutamate receptor channel conducfor at least 40 min. This delay to the onset of potentiation appeared to be longer than that for evoked responses tances (Hestrin, 1993). Following BDNF treatment, we found that the frequency of mEPSCs recorded from E→I (see Figure 1C) . No significant increase in mEPSC frequency was found for recordings carried out under conwas elevated to a level 3-fold of that observed during the baseline period ( Figures 6A 1 , 6A 2 , and 6 B ) . This result trol conditions (in the absence of BDNF). On the average, 
t test). (C) Amplitude distribution of mEPSCs recorded for all control experiments (open triangles) and BDNF treatments (closed triangles) for all E→I experiments (same data sets as those used in [B]). No significant difference was found between the two distributions (p Ͼ 0.2, Kolmogorov-Smirnov test).
is surprising in view of the complete lack of effect of hippocampal neurons and whether such modifications display target specificity. The actions of BDNF and NT-3 BDNF on EPSCs (Figure 1 ). There was a slight increase are mediated primarily through different tyrosine kinase in the mean amplitude of mEPSCs with time ( Figure 6A 3 ) . receptors (TrkB and TrkC, respectively; Thoenen, 1995) However, this was found in both control and BDNFand might therefore result in different effects on synaptic treated E→I synapses. (This phenomenon was not obtransmission. served at E→E synapses, and its origin is unclear.) OverWe found that bath application of NT-3 (100 ng/ml) all, the amplitude distribution of mEPSCs obtained from produced a robust potentiation of glutamatergic transall experiments showed no significant differences bemission at E→E but not E→I connections (Figure 7) , tween control and BDNF-treated synapses ( Figure 6C) , similar to BDNF. In the example shown in Figure 7A , and the mean mEPSC amplitude after BDNF treatment enhancement of synaptic transmission by NT-3 was apwas 1.06 Ϯ 0.21-fold of that of the control treatment. parent within minutes and reached a plateau after 20-30 These findings demonstrate that E→I connections are min of treatment. In other cases, the delay of the onset responsive to BDNF and that potentiation of mEPSC of potentiation was more prolonged (Ͼ20 min). This is frequency can occur without any change in the evoked reflected in the average, which shows a slower rate of release.
increase in the potentiation ( Figure 7C ; compare with Figure 1C ). In some cases, the enhancement of EPSCs Target while the machinery for the spontaneous release is simiof PPR and CV was carried out to determine the locus larly affected by BDNF. It is also possible that the inof expression of this potentiation. We found that PPR crease in spontaneous release reflects a process that is was somewhat reduced after synaptic potentiation, necessary but not sufficient to increase evoked release, whereas, on average, CV was not significantly altered which requires an additional BDNF-sensitive step presafter potentiation ( Figure 8C ). Although these results do ent only at E→E synapses. not strongly support a presynaptic effect, the finding What might be the physiological role of BDNF-induced that mEPSC amplitude was not affected by NT-3 argues potentiation of spontaneous glutamate secretion? It has against postsynaptic changes in glutamate sensitivity been recently shown that activation of postsynaptic ( Figure 8D ). Further studies are required to more thor-AMPA receptors by spontaneous mEPSCs is sufficient oughly identify the locus of modification by NT-3. Finally, to maintain the structure and density of dendritic spines the striking contrast between the marked increase in (McKinney et al., 1999) . It is conceivable that BDNF may mEPSC frequency elicited by BDNF and the complete help to maintain the dendritic architecture through an lack of modifications of mEPSC frequency by NT-3 (Figincrease in mEPSC frequency. The overall dendritic ures 5B and 8D) suggests that the mechanisms of action structure in layer 4 of primary visual cortex was found to of these neurotrophins must differ in some of their downbe affected by BDNF in a manner dependent on synaptic stream effector molecules. activity, consistent with spontaneous release playing a role in structural modifications (McAllister et al., 1996) .
Role of Target-Specific Potentiation in Development and Plasticity Target-Specific Potentiation by NT-3
Neuronal activity can upregulate expression of neuroIn addition to the effects of BDNF, we have also found trophins, and depolarization or synaptic activity can trigthat NT-3 produces a robust potentiation of evoked synaptic transmission in a target-specific manner. Binder et al., 1999), suggesting that a BDNF-induced long-term imbalance in excitation versus inhibition could be pathological.
Recordings of mEPSC
After the transmitter phenotype was unambiguously identified using evoked responses, the recording solution was exchanged for one containing 1 M TTX, 20 M bicuculline, and 0.05% bovine serum Experimental Procedures albumin (BSA). Under these conditions, mEPSCs displayed fast kinetics and a reversal potential ϾϪ10 mV, and were blocked by 10 Culture Preparation Low-density cultures of dissociated embryonic day 18 (E18) rat hip-M CNQX. Miniature currents simultaneously recorded from up to three neurons were filtered at 2 kHz, digitized, and videotaped for pocampus were prepared as described previously (Bi and Poo, 1998). Briefly, hippocampi were trypsinized (15 min, 37ЊC), washed, later analysis. Recordings were played back and mEPSCs were detected and analyzed using WCP software (kindly provided by J. and gently triturated. Neurons were plated at 20,000-60,000 cells/ ml on poly-L-lysine-coated coverslips in 35 mm dishes. The plating Dempster, University of Strathclyde, Scotland). medium was Dulbecco's modified Eagle's medium (BioWhittaker, Walkersville, MD) supplemented with 10% heat-inactivated fetal boNeurotrophin Application vine serum (Hyclone, Logan, UT) and 10% Ham's F12 with glutamine.
Human recombinant BDNF or NT-3 (100 ng/ml; Promega) was disThe culture medium was supplemented with 20 mM KCl 24 hr after solved in 5 ml of external solution containing 0.05% BSA (Sigma). plating. Both glia and neurons were present under these conditions. BSA was present during the control period and did not affect basal Electrophysiological recordings were performed after 8-15 days in synaptic transmission. Once BDNF perfusion started, the same bath culture.
solution was recycled through the peristaltic pump for the remainder of the experiment. Recycling solution without neurotrophins did not affect synaptic transmission. (Figure 3B ; and see also Berninger et Electrophysiology al., 1999). The effect of BDNF was dose dependent (Berninger et Whole-cell perforated patch recordings from two or three neurons al., 1999). were performed simultaneously, as described in Bi and Poo (1998). Micropipettes were made from borosilicate glass capillaries (Kimax) with a resistance of ‫2ف‬ M⍀. Pipettes were tip filled with internal
